6. Gienapp, P., Teplitsky, C., Alho, J.S., Mills Following tissue injury, cells produce reactive molecules that fight off invading pathogens, but these factors might also damage the host tissue. A new study has characterized a network of defense pathways that synergize to protect cells from collateral damage and drive repair.
The ability of the body to repair itself following injury has been of central importance throughout evolution. From lower organisms to humans, sophisticated repair mechanisms work quickly to close the wound and restore tissue function, although to varying degrees depending on the species, its health condition and the location of the wound. In humans, defects in the body's tissue repair response can lead to an inability to close wounds in a timely manner, often resulting in infection. A frequent consequence is the development of chronic, non-healing wounds, which cause severe morbidity and can reduce life expectancy. [1] show that ROS levels increase substantially following injury, and originate primarily from the inflammatory cells that are recruited to the wound site. This explosion of ROS creates a destructive environment for nearby tissues and slows down the healing process: the authors found that depletion of immune cells (and the accompanying ROS) accelerated wound healing ( Figure 1A 
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Dispatches immune cells in fighting off invading pathogens, which is a more genuine concern outside the confines of the laboratory. Nevertheless, these experiments highlight the potentially damaging impact of the ROS-mediated antimicrobial assault employed by immune cells following wounding and suggest that, for healing to proceed normally, sophisticated and powerful cytoprotective mechanisms must be simultaneously triggered.
Different cellular defense pathways function to detoxify ROS or to repair DNA damage when these ROS defense mechanisms are insufficient. The transcription factor nuclear factor erythroid 2-related factor 2 (NFE2L2/ Nrf2), a master regulator of the antioxidant response, is one of the chief cellular defense pathways responsible for detoxification of ROS and various toxic compounds [2] [3] [4] . Following exposure of cells to electrophilic or oxidative stress, Nrf2 becomes activated and initiates the transcription of a multitude of different genes that encode detoxification enzymes, thereby reducing the oxidative burden on the cell. Interestingly, important roles of Nrf2 in mammalian wound healing have been demonstrated, in particular when healing is impaired by diabetes [5, 6] . The paper by Weavers et al. [1] confirms the important role of Nrf2 in wound healing for Drosophila and reveals a new function of this protein in the immediate response to injury and in the establishment of resilience (see below). The growth arrest and DNAdamage-inducible protein Gadd45 is also known to function in response to environmental stress and may act to repair DNA damage that occurs as a result of excessive ROS [7] . Weavers et al. [1] found that both defense mechanisms were activated in response to wounding ( Figure 1A) , and that Nrf2 and Gadd45 activity is localized around the wound site while steadily declining with distance from the wound. Interestingly, the authors demonstrated that cells can be conditioned to withstand greater stress when these cellular defense pathways are triggered by wounding. For example, when exposed to UVA radiation at a dose normally fatally toxic to cells, the wound epithelium became resilient and resistant to these damaging effects -an effect that was abolished when the actions of Nrf2 and Gadd45 were inhibited.
The prospect of pre-conditioning cells ahead of a known future stress has interesting therapeutic potential. Activating these pathways in certain circumstances may therefore be of interest in the clinic. Indeed, when Nrf2 and Gadd45 were together activated experimentally in unwounded skin, the cells acquired a similar resiliency to those in the healing wound ( Figure 1B) . The full effect was found to require the simultaneous action of both proteins, demonstrating the collaborative nature of the cytoprotective response. The importance of Nrf2 and Gadd45 was further demonstrated by the delayed wound healing and elevated DNA damage that was observed upon inhibition of Nrf2 or Gadd45, effects that were enhanced when Nrf2 and Gadd45 were inhibited in combination ( Figure 1A) .
Wound healing under non-challenged conditions is a highly optimized process, and any attempts to further improve normal healing could even have disadvantages. Indeed, Weavers et al. [1] found that, while activating the Nrf2 pathway contributed to tissue resiliency in unwounded skin, overactivating Nrf2 led to slower Dispatches wound healing. This may have a number of possible reasons as documented in past studies which have shown detrimental effects of constitutive Nrf2 activation in the skin and also in other tissues [8] [9] [10] [11] [12] . In contrast, experimentally activating Gadd45 led to accelerated wound closure, pointing once again to the diverse nature of these responses and suggesting that therapeutic interventions that involve these pathways should be tightly controlled and that cell/ tissue context should be carefully considered.
What triggers these cytoprotective mechanisms following injury? By exploiting the suitability of Drosophila for live-tissue imaging, the authors observed that these cytoprotective pathways emerge from the wound site outwards in a wave-like pattern. This closely mimicked similar patterns observed for calcium and a major cell signaling pathway mediated by the JNK family of kinases. An increase in intracellular calcium and activation of JNK signaling occur in response to wounding and function to recruit inflammatory cells to the wound site [1, 13] . Interestingly, similar mechanisms were found to be required for the initiation of both the Nrf2 and Gadd45 pathways [1] , although Gadd45 is inflammation dependent whereas Nrf2 is not. These parallels highlight a close link between inflammation and the subsequent cytoprotection program required for defense against the harsh conditions to come.
The paper by Weavers and colleagues [1] offers a new and exciting look into the cooperative actions of different cellular defense mechanisms that help to drive efficient wound healing. Interestingly, the knowledge that cells can be conditioned to become resilient to stress provides a mechanistic explanation of the beneficial effect of conditioning tissues prior to planned invasive clinical procedures [14] ( Figure 1B) . It also suggests that preconditioning may be suitable for the prevention of complications of surgery, including the development of chronic wounds [15] . Currently, chronic wounds represent a huge health and economic burden, and effective treatment options remain limited [16, 17] . Activation of the NRF2 pathway has previously been suggested as a promising therapeutic strategy for dealing with these wounds; however, this should also be considered in light of pro-tumorigenic concerns relating to NRF2 activation [6] . Importantly, the observation that prolonged Nrf2 activation delays wound healing in the Drosophila model adds to our understanding of the complex nature of the Nrf2 pathway. Similar complexity may also be true for Gadd45. While Weavers et al. [1] found that Gadd45 overexpression led to improved acute wound healing, it has been shown in a diabetic rat wound model to promote the expression of destructive enzymes that can contribute to delayed healing [18] . Furthermore, the DNA repair actions of Gadd45 may promote survival of cancer cells, adding another layer of complexity [19] . A more thorough grasp of these different mechanisms, their interplay with one another and the contexts in which their benefits can be exploited without detriment will be essential to the development of improved treatments for these debilitating conditions.
